Retrograde spread in vivo is a multistep process, in that HSV-1 first spreads between epithelial cells at the inoculation site, then infects neurites, and finally travels by retrograde axonal transport to the neuron cell body. To better understand the role of gE in retrograde spread, we used a compartmentalized neuron culture system, in which neurons were infected in the presence or absence of epithelial cells. We found that gE-deleted HSV-1 (NS-gEnull) retained retrograde axonal transport activity when added directly to neurites, in contrast to the retrograde spread defect of this virus in animals. To better mimic the in vivo milieu, we overlaid neurites with epithelial cells prior to infection. In this modified system, virus infects epithelial cells and then spreads to neurites, revealing a 100-fold retrograde spread defect for NS-gEnull. We measured the retrograde spread defect of NS-gEnull from a variety of epithelial cell lines and found that the magnitude of the spread defect from epithelial cells to neurons correlated with epithelial cell plaque size defect, indicating that gE plays a similar role in both types of spread. Therefore, gE-mediated spread between epithelial cells and neurites likely explains the retrograde spread defect of gE-deleted HSV-1 in vivo.
Herpes simplex virus type 1 (HSV-1) is an alphaherpesvirus that characteristically infects skin and mucosal surfaces before spreading to sensory neurons, where it establishes a lifelong persistent infection. The virus periodically returns to the periphery via sensory axons and causes recurrent lesions as well as asymptomatic shedding. This life cycle requires viral transport along axons in two directions: toward the neuron cell body (retrograde direction) and away from the neuron cell body (anterograde direction).
Many studies of alphaherpesvirus neuronal spread have focused on pseudorabies virus (PRV), a virus whose natural host is the pig. Three PRV proteins, glycoprotein E (gE), gI, and Us9, have been shown to mediate anterograde neuronal spread both in animal models of infection and in cultured neurons. However, these three proteins are dispensable for retrograde spread (3, 8, 11, 12, 31, 46) . In contrast, numerous animal models of infection have shown that HSV-1 gE is required for retrograde spread from the inoculation site to the cell bodies of innervating neurons (4, 9, 44, 56) . In the murine flank model, wild-type (WT) virus replicates in the skin and then infects sensory neurons and spreads in a retrograde direction to the dorsal root ganglia (DRG). In this model, gE-deleted HSV-1 replicates in the skin but is not detected in the DRG (9, 44) . This phenotype differs from gE-deleted PRV, which is able to reach the DRG at WT levels (8) . Thus, unlike PRV, gE-deleted HSV-1 viruses have a retrograde spread defect in vivo.
HSV-1 gE is a 552-amino-acid type I membrane protein found in the virion membrane as well as in the trans-Golgi and plasma membranes of infected cells (1) . gE forms a heterodimer with another viral glycoprotein, gI. The gE/gI complex is important for HSV-1 immune evasion through its Fc receptor activity. gE/gI binds to the Fc domain of antibodies directed against other viral proteins, sequestering these antibodies and blocking antibody effector functions (27, 32, 40) . Additionally, gE/gI promotes spread between epithelial cells. Viruses lacking either gE or gI form characteristically small plaques in cell culture and small inoculation site lesions in mice (4, 9, 18, 40, 58) . In animal models, gE and gI also mediate viral spread in both anterograde and retrograde directions (4, 19, 44, 56) .
In order to better understand the role of gE in HSV-1 retrograde neuronal spread, we employed a compartmentalized neuron culture system that has been used to study directional neuronal spread of PRV and West Nile virus (12, 14, 45) . In the Campenot chamber system, neurites are contained in a compartment that is separate from their corresponding cell bodies. Therefore, spread in an exclusively retrograde direction can be measured by infecting neurites and detecting spread to neuron cell bodies.
HSV-1 replication requires retrograde transport of incoming viral genomes to the nucleus. In neurites, fusion between viral and cellular membranes occurs at the plasma membrane (43, 48) . Upon membrane fusion, the capsid and a subset of tegument proteins (the inner tegument) dissociate from glycoproteins and outer tegument proteins, which remain at the plasma membrane (28, 38) . Unenveloped capsids and the associated inner tegument proteins are then transported in the retrograde direction to the nucleus (7, 48, 49) .
For both neurons and epithelial cells, retrograde transport is dependent upon microtubules, ATP, the retrograde microtubule motor dynein, and the dynein cofactor dynactin (22, 34, 49, 52) . Several viral proteins interact with components of the dynein motor complex (23, 39, 60) . However, none of these proteins suggest a completely satisfactory mechanism by which viral retrograde transport occurs, either because they are not components of the complex that is transported to the nucleus (UL34, UL9, VP11/12) or because capsids lacking that protein retain retrograde transport activity (VP26) (2, 17, 21, 28, 37) . This implies that additional viral proteins are involved in retrograde trafficking.
We sought to better characterize the role of gE in retrograde spread and found that gE is dispensable for retrograde axonal transport; however, it promotes HSV-1 spread from epithelial cells to neurites. This epithelial cell-to-neuron spread defect provides a plausible explanation for the retrograde spread defect of gE-deleted HSV-1 in animal models of infection.
MATERIALS AND METHODS
Cells. Vero cells (African green monkey kidney epithelial cells), HEp-2 cells (human epidermoid laryngeal carcinoma cells), 293T cells (human kidney epithelial cells), HaCaT cells (human keratinocytes), and L cells (murine fibroblasts) were propagated in Dulbecco's modified Eagle medium (DMEM) supplemented with 10 mM HEPES (pH 7.3), 2 mM L-glutamine, 20 g/ml gentamicin, and 5% heat-inactivated fetal bovine serum. HEC-1-A cells (human endometrial adenocarcinoma cells) were propagated in McCoy's 5A medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and 100 U/ml penicillin-streptomycin. Unless otherwise indicated, HaCaT and HEC-1-A cells were allowed to grow for 1 week before infection, during which time they acquired morphologies consistent with polarization.
Viruses. HSV-1 strain NS is a low-passage clinical isolate used as the WT strain for these studies. NS-gEnull contains an ICP6::LacZ expression cassette, replacing gE amino acids 124 to 510, and produces no functional gE protein (40) . A rescued virus, rNS-gEnull, was prepared by cotransfection of NS-gEnull viral DNA and a gE-encoding plasmid and selection of gE-positive plaques (40) . Virus stocks were prepared by infecting Vero cells at a multiplicity of infection (MOI) of 0.01 and collecting the infected cells and media when the cytopathic effect reached 100%. Virions were pelleted from the clarified supernatant and purified on a 10%-30%-60% sucrose step gradient. Purified virions were pelleted at 112,000 ϫ g and resuspended in phosphate-buffered saline (PBS). For some experiments, viral stocks were prepared with L cells instead of Vero cells.
Plaque assay. Viral titers were determined by plaque assay. Vero cells were washed twice with PBS and infected in triplicate with 150 l of virus in DMEM. Cells were incubated for 1 h at 37°C, washed twice with PBS, and overlaid with medium containing 0.6% low-melt agarose. Plaques were counted at 40ϫ magnification at 2 days postinfection (dpi).
SCG neuron culture.
Superior cervical ganglia (SCG) were dissected from E17 Sprague-Dawley rat embryos (Charles River Laboratories). The dissociated ganglia were plated on tissue culture dishes (Falcon) coated with 500 g poly-DLornithine hydrobromide (Sigma) and 10 g natural mouse laminin (Invitrogen) (13) . The neurons were cultured in medium consisting of 10 mg/ml bovine serum albumin dissolved in a 1:1 dilution mixture of DMEM and Ham's F12 nutrient mixture (Gibco). The medium was supplemented with 4.6 mg/ml glucose, 2 mM L-glutamine, 16 g/ml putrescine (Sigma), 100 g/ml holo-transferrin (Sigma), 10 g/ml insulin (Sigma), 50 U/ml penicillin-streptomycin, 100 ng/ml nerve growth factor (Promega), 30 nM selenium (Sigma), and 20 nM progesterone (Sigma). Two days after being plated, the cultures were treated for 24 h with 1 M cytosine-1-␤-D-arabinofuranoside, a mitotic inhibitor. The culture medium was changed every 3 to 4 days.
Campenot chamber system. SCG neurons were cultured in Campenot chambers, as previously described (10, 12) . Campenot chambers consist of a three-part Teflon ring that divides the culture into soma (S), middle (M), and neurite (N) compartments (Fig. 1A) . A pin rake was used to scratch parallel grooves onto coated dishes. Prior to chamber assembly, a drop of 1% methylcellulose was applied to the scratches to ensure a moist seal that would permit axon penetration. CAMP320 Teflon chambers were purchased from Tyler Research (Edmonton, Alberta, Canada). The chambers were held to the dishes using silicone grease (Dow Corning) that was applied along the septum and circumference of the chamber. Dissociated neurons from half of an SCG (resulting in approximately 5,000 neuron cell bodies) were seeded into the S chamber and cultured for 2 to 3 weeks until extensive neurite growth was observed in the N chamber (12) . For some experiments, epithelial cells were seeded over N chamber neurites. All epithelial cells were seeded at a density to produce a confluent monolayer the following day. HEC-1-A cells were allowed to grow for 1 week prior to infection, whereas Vero, HEp-2, and 293T cells were infected 1 day after being seeded. For some experiments, HaCaT cells were grown for 1 week prior to infection, while for others, they were infected 1 day after being seeded. When epithelial cells were cocultured with neurites, a 1:1 dilution mixture of neuron medium-epithelial cell medium was used in the N chamber.
Infection of neurons in Campenot chambers. One day prior to infection, the culture medium was changed, and the M chamber was filled with neuron medium containing 1% methylcellulose. The culture medium in the N chamber was replaced by 50 l of viral inoculum in neuron medium. After 1 h at 37°C, the inoculum was removed. For experiments evaluating direct infection of neurites (Fig. 1B ), the N chamber was then filled with culture medium. For experiments evaluating spread of infection from epithelial cells to neurons (Fig. 1C) , the N chamber was filled with a 1:1 dilution mixture of neuron medium-epithelial cell medium containing 1% methylcellulose. At the times indicated in the figures, the contents of the N and S chambers were collected using a pipette tip to harvest the cells and medium together, and the samples were stored at Ϫ80°C. The NSgEnull retrograde spread defect was calculated as the difference between the log-transformed S chamber titers of NS and NS-gEnull.
Single-step growth curves. Dissociated neurons from half of an SCG were infected with 2. 
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to ensure the infection of all neurons in the culture, since many virions adhere to the culture matrix rather than to the neurons (47) . Following 1 h of incubation, the neurons were acid washed with citrate buffer, pH 3.0, for 1 min to inactivate extracellular virus. The neurons were washed twice with PBS, and then neuron medium was added. At 1 to 24 hpi, the cells and medium were harvested together and stored at Ϫ80°C. HaCaT or HEp-2 cells were infected with NS or NS-gEnull at an MOI of 5 and acid washed after 1 h. Cells and media were harvested separately and stored at Ϫ80°C. All samples were sonicated prior to being titered on Vero cells. Plaque size determination. Confluent epithelial cells were infected with HSV-1 NS or NS-gEnull at approximately 50 PFU/well to obtain well-separated plaques. Infected cells were overlaid with 0.6% low-melt agarose. The overlay was removed at 2 or 4 dpi, and cells were fixed with a 1:1 dilution of methanolacetone. Plaques were stained using rabbit anti-HSV-1 (Dako), horseradish peroxidase-conjugated secondary antibody (Amersham), and 3,3Ј-diaminobenzidine tetrahydrochloride (DAB) substrate (Sigma). Plaques were measured with a micrometer at 40ϫ magnification, and the area was calculated from two perpendicular diameters. The average area was determined by measuring 25 plaques in each of the two experiments. The NS-gEnull plaque size defect was defined as the area of NS-gEnull plaques expressed as a percentage of the NS plaque area.
Statistical analysis. Statistical analysis was performed with GraphPad Prism software. All statistical comparisons were between NS and NS-gEnull.
RESULTS

Growth curves.
We performed experiments to obtain singlestep growth curves to compare the replication of HSV-1 NS and NS-gEnull in neurons and epithelial cells. In dissociated SCG neurons, NS and NS-gEnull had similar replication kinetics and yields ( Fig. 2A) . NS and NS-gEnull also displayed comparable single-step growth curves in HaCaT and HEp-2 cells (Fig. 2B and C) . Therefore, gE is not required for replication in neurons or in polarized (HaCaT) or nonpolarized (HEp-2) epithelial cells.
Retrograde spread from neurites. SCG neurons grown in Campenot chambers were used to measure HSV-1 retrograde axonal transport. A total of 1 ϫ 10 5 PFU HSV-1 NS or NSgEnull was added to the N chamber (Fig. 1B) , and the contents of the S chamber were titered at 12, 18, or 24 hpi. At all time points, comparable titers of NS and NS-gEnull were detected in the S chamber (Fig. 3) . When the input dose was increased 10-fold to 1 ϫ 10 6 PFU, NS and NS-gEnull still produced equivalent titers in the S chamber (data not shown). These results indicate that NS-gEnull retains retrograde axonal transport activity in vitro, which is in contrast to the retrograde spread defect observed in animals.
Virus stocks prepared in murine L cells. In the Campenot chamber system, neurites were infected with virus that was propagated in Vero (primate) cells. However, in the murine flank model, HSV-1 first replicates in epithelial cells before spreading to neurites; therefore, neurons are infected by virus produced in murine cells (40) . We compared retrograde axonal transport of NS and NS-gEnull viruses prepared in Vero or L cells to determine whether differences in neuron infection are dependent on the cell type used to prepare virus stocks. Virus was added to neurites in the N chamber, and the contents of the S chamber were titered at 18 hpi. NS and NS-gEnull produced equivalent S chamber titers, regardless of whether the virus was grown in Vero or L cells (Fig. 4) . Thus, viral replication in murine cells does not explain the NS-gEnull retrograde spread defect observed with animal models.
Retrograde spread from polarized epithelial cells. gE promotes epithelial cell-to-cell spread; therefore, we postulated that gE may mediate spread between epithelial cells and neurons. The Campenot culture system was modified to allow HSV-1 to spread to neurites from infected epithelial cells (Fig.  1C) , rather than allowing virus to infect the neurites directly.
Once neurites had penetrated into the N chamber (approximately 1 to 2 weeks in culture), HaCaT cells were seeded on top of the neurites and grown for 1 week before infection. After 1 week in culture, HaCaT cells remain as an intact monolayer and acquire a morphology consistent with polarization. The N chamber was infected with 1 ϫ 10 5 PFU HSV-1 NS, rNS-gEnull, or NS-gEnull, which represents an MOI of 1 PFU/HaCaT cell. One hour following infection, the N chamber was filled with media containing 1% methylcellulose to restrict cell-free virus spread. The contents of the N and S chambers were titered at 24, 36, 48, and 72 hpi. At each time point, NS and NS-gEnull produced equivalent titers in the N chamber (Fig. 5A) , indicating that the amounts of virus available to infect neurites were comparable. Despite equivalent N chamber titers, NS-gEnull was detected in only one of eight S chambers at 24 hpi, and the S chamber titers were significantly lower than those of NS at 36, 48, and 72 hpi (Fig. 5B) . The rescued virus, rNS-gEnull, fully restored the retrograde spread defect of NS-gEnull (Fig. 5B) . NS-gEnull retained retrograde spread activity when the N chamber was overlaid with methylcellulose following direct neurite infection (data not shown), indicating that the methylcellulose overlay was not responsible for the spread defect. We conclude that gE is required for efficient spread between epithelial cells and neurites, since NS-gEnull had a retrograde spread defect when added to HaCaT cells but not when the virus was added directly to neurites.
Retrograde spread at various input doses. To quantify the NS-gEnull spread defect, we evaluated retrograde spread from HaCaT cells to neurites at a range of input doses. A dose of 1 ϫ 10 4 , 1 ϫ 10 5 , or 1 ϫ 10 6 PFU HSV-1 NS or NS-gEnull was added to HaCaT cells in the N chamber, and the N and S chambers were titered at 36 hpi. NS and NS-gEnull produced comparable titers in the N chamber at all three input doses (data not shown), yet differences in the S chamber were detected. At a 1 ϫ 10 4 PFU input dose, the NS S chamber titer was 3 PFU/chamber, and no NS-gEnull was detected, while at 1 ϫ 10 5 and 1 ϫ 10 6 PFU, NS-gEnull titers were significantly lower than those of NS (Fig. 6) . A total of 1 ϫ 10 6 PFU of NS-gEnull produced approximately the same S chamber titers as infection with 2 log 10 -lower titers of NS. The S chamber titers produced by 1 ϫ 10 5 PFU NS-gEnull were also approximately 2 log 10 lower than those produced by NS at the same input dose. Therefore, NS-gEnull is impaired approximately 100-fold at spread between epithelial cells and neurites.
Retrograde spread from various epithelial cell types. Previous work showed that gE promotes basolateral targeting of HSV-1 in polarized (HEC-1-A and HaCaT) cells but that gE is dispensable for targeting of HSV-1 in nonpolarized (HEp-2) cells (24, 33) . Therefore, we compared retrograde spread of NS and NS-gEnull from polarized and nonpolarized HaCaT cells in the Campenot culture system. HaCaT cells were seeded on top of N chamber neurites and either were grown for 1 week prior to infection to allow the cells to polarize or were infected the following day, prior to polarization. A total of 1 ϫ 10 5 PFU HSV-1 NS or NS-gEnull was added to the N chamber, and the contents of the S chamber were titered at 36 hpi. No significant differences were detected between NS and NSgEnull N chamber titers for either the 1-week-old or 1-day-old HaCaT cells (data not shown). Although NS-gEnull S chamber titers were lower than those of NS for both 1-week-old and 1-day-old HaCaT cells, the retrograde spread defect was much more pronounced for 1-week-old HaCaT cells (Fig. 7A) . Thus, NS-gEnull has a greater retrograde spread defect from polarized than from nonpolarized HaCaT cells, consistent with the known role of gE in basolateral targeting.
To extend these observations to additional epithelial cell lines, HEC-1-A cells (a polarized cell type) or Vero, HEp-2, or 293T cells (nonpolarized cell types) were seeded on top of the N chamber neurites (5, 6, 15, 29) . HEC-1-A cells were allowed to polarize for 1 week prior to infection, while other cell types were infected 1 day after being seeded into the N chamber. A total of 1 ϫ 10 5 PFU HSV-1 NS or NS-gEnull was added to the N chamber, and the contents of the S chambers were titered at 36 hpi. No significant differences were detected between NS and NS-gEnull N chamber titers in any cell type (data not shown). NS-gEnull produced lower S chamber titers than NS in all cell types (Fig. 7B) , although the retrograde spread defects of NS-gEnull in these cell types were intermediate compared to those observed with 1-week-old and 1-day-old HaCaT cells. Similar retrograde spread defects were observed when epithelial cells were infected with 1 ϫ 10 6 PFU (data not shown). These results indicate that gE is important for HSV-1 spread to neurites from a variety of epithelial cell types but that the effect is most pronounced for polarized cells.
Plaque size. gE promotes spread between epithelial cells, as indicated by the small plaques produced by gE-deleted viruses in culture (4, 18, 58) . As this phenotype has been described mainly for polarized epithelial cells, we compared NS and NS-gEnull plaque sizes for several polarized and nonpolarized cell types. At 2 dpi, NS-gEnull produced smaller plaques than NS in all cell types, with significant differences observed for HaCaT cells grown for 1 week or 1 day prior to infection and for Vero cells (Fig. 8A) . Since both viruses produced very small plaques in HEC-1-A, HEp-2, and 293T cells, plaques were also measured at 4 dpi for these cell types (Fig. 8B) . NS-gEnull plaques were significantly smaller than those of NS in 293T cells at 4 dpi. In all three cell types, plaques were larger at 4 dpi, but the relative size of NS-gEnull plaques compared to those of NS was similar at 2 and 4 dpi.
To determine if plaque size defects correlate with retrograde spread defects, we compared the difference between NS and NS-gEnull S chamber titers with the relative plaque size for each cell type. For HaCaT and Vero cells, the plaque size at 2 dpi was used in the correlation, while the plaque size at 4 dpi was used for HEC-1-A, 293T, and HEp-2 cells. A significant correlation between plaque size and retrograde spread was detected (Fig. 8C) , suggesting that gE mediates spread both between epithelial cells and from epithelial cells to neurites.
DISCUSSION
We used a compartmentalized neuron culture system to study the role of gE in HSV-1 retrograde spread. While NSgEnull retained retrograde axonal transport activity, it was defective at retrograde spread from epithelial cells to neuron cell bodies. We postulate that this epithelial cell-to-neuron spread defect accounts for the retrograde spread defect observed with gE-deleted HSV-1 in animal models. *** , P of Ͻ0.001.
FIG. 6. NS-gEnull is impaired 100-fold at retrograde spread from
HaCaT cells to neurites. HaCaT cells were seeded on top of N chamber neurites and allowed to polarize for 1 week. A dose of 1 ϫ 10 4 , 1 ϫ 10 5 , or 1 ϫ 10 6 PFU HSV-1 NS or NS-gEnull was added to the N chamber, which was overlaid with 1% methylcellulose following infection. The contents of the S chamber were titered at 36 hpi. Results shown are the means Ϯ standard errors of six to seven chambers. *** , Retrograde spread of gE-deleted HSV-1 has been assessed with at least four animal models. In all cases, the gE-deleted virus showed a pronounced defect in spread from the inoculation site to the cell bodies of innervating neurons. In the murine flank model, NS-gEnull was inoculated onto the skin, and no virus was detected in the DRG by titering or quantitative PCR (9, 44) . In the murine retina model, NS-gEnull was injected into the vitreous body of the eye, and no viral antigens were detected at brain sites reached by retrograde spread from the eye (56) . After inoculation onto the ear pinna, HSV-1 gEnull (strain SC16) was greatly impaired at spread to the innervating sensory ganglia, although low titers of virus were detected (4). When mice were infected with NS-gEnull by corneal scarification, genome copies in the trigeminal ganglia were greatly reduced compared to those infected with HSV-1 NS (H. Friedman, unpublished observation). One possible explanation for this phenotype is that NS-gEnull spreads to innervating ganglia but replicates inefficiently, resulting in lower viral titers and fewer genome copies. This explanation seems unlikely, since we demonstrated that NS-gEnull replicates with WT kinetics and produces WT yields in cultured neurons, which is consistent with observations by others (19) .
In vivo spread of gE-deleted HSV-1 to secondary tissues is influenced by reduced epithelial cell-to-cell spread at the inoculation site, resulting in lower titers available to infect neurons (4, 9, 18) . Therefore, we used a compartmentalized neuron culture system to directly study retrograde spread of HSV-1. With this system, the input titer of virus can be adjusted to minimize the effect of epithelial cell-to-epithelial cell spread on neurite infection.
We showed that when NS-gEnull was added directly to neurites, it had no defect in retrograde spread, which is in marked contrast to the phenotype of this virus in animal models. There are several characteristics that differ between the Campenot system and animal models of HSV-1 spread. We used rat sympathetic neurons in these experiments because their robust axon growth allows them to penetrate the silicone grease barrier separating the S, M, and N chambers. In contrast, HSV-1 preferentially infects sensory neurons in mouse models, although retrograde spread along parasympathetic and motor neurons is observed in the mouse retina model of infection (56) . More importantly, however, in animal models, HSV-1 first replicates in epithelial cells and then spreads to innervating neurons. To better mimic the in vivo milieu, we seeded polarized epithelial cells (HaCaT cells) on top of neurites. The time course of infection indicates that the epithelial cells largely prevented direct infection of neurites. This conclusion is based on the observation that NS was readily detected in the S chamber at 18 h following direct infection of neurites, while it took 36 h to reach comparable S chamber titers in the presence of HaCaT cells, indicating that the virus replicated first in HaCaT cells before infecting neurites.
In the presence of HaCaT cells, NS-gEnull had a 100-fold deficit in retrograde spread to the S chamber. The NS-gEnull retrograde spread defect in vivo is more pronounced than in Campenot chambers (9, 44, 56) . It is unlikely that a single monolayer of HaCaT cells provides as large a barrier to neurite infection as do the multiple layers of epithelial cells present in skin. In addition, free neurites are likely exposed along the pin rake grooves in the N chamber, as epithelial cells adhere poorly at these sites, facilitating direct infection of neurites. Even in animals, direct infection of neurons may occur occasionally. When mice were inoculated intranasally with dl5-29, a replication-defective HSV-1 vaccine strain, low levels of viral DNA were detected in the trigeminal ganglia of some mice (16) . Since this virus is replication defective, viral DNA in the ganglia indicates that neurons were directly infected by the virus. Interestingly, no dl5-29 DNA was detected in the ganglia errors for three to seven chambers. *** , P of Ͻ0.001; ** , P of Ͻ0.001; * , P of Ͻ0.05.
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on April 30, 2016 by guest http://jvi.asm.org/ after intradermal or intramuscular inoculation, which may indicate that free neurites are more accessible to HSV-1 at particular anatomic sites. HSV-1 commonly infects richly innervated mucosal surfaces, such as oral or vaginal mucosa, that are protected only by a thin epithelial layer, which may leave neurites more accessible to infection. The accessibility of free neurites at certain anatomic sites may explain the variation in retrograde spread defects observed with different animal models after infection with gE-deleted HSV-1. Interestingly, gE-deleted PRV and bovine herpesvirus 1 (BHV-1) retain retrograde spread activity in animals, although these viruses produce small plaques in culture (3, 8, 11, 31, 35, 46, 51, (53) (54) (55) . These findings may indicate that PRV and BHV-1 rely less on gE for epithelial cell-to-neuron spread than does HSV-1. PRV cell-to-cell spread does not require the receptor binding protein gD, whereas HSV-1 and BHV-1 spread is gD dependent, indicating that these related alphaherpesviruses have different molecular requirements for cellto-cell spread (26, 36, 42) .
The cell-to-cell spread defects of HSV-1 gE mutants have been reported mainly for polarized cell types (25, 30, 41, 59) . In an electron microscopy study, WT virions localized to the basolateral surface of polarized HEC-1-A and HaCaT cells, whereas gE-deleted virions localized to the apical surface (24, 33) . In contrast, no localization difference was observed between the gE-deleted and WT viruses in nonpolarized HEp-2 cells (33). These observations suggested that the role of gE in cell-to-cell spread is most apparent in polarized cell types. Our results comparing 1-week-old and 1-day-old HaCaT cells support the conclusion that gE is more important for spread from polarized cells than from nonpolarized cells. Although NS-gEnull was impaired at epithelial cell-to-epithelial cell spread (plaque size) and epithelial cell-to-neurite spread (retrograde spread) in all cell types tested, the spread defects tended to be greater in polarized cell types than in nonpolarized ones. An exception was Vero cells, which are nonpolarized but had a more pronounced plaque size and spread phenotype than polarized HEC-1-A cells (5, 29) . Interestingly, HSV-1 assembly compartments have been observed on the basal surface of Vero cells, suggesting that assembly and egress may be targeted to a specific cell surface even in nonpolarized epithelial cells (50) .
Although the Campenot system is not compatible with standard methods for verifying epithelial cell polarization, three lines of reasoning suggest that HaCaT cells grown for 1 week in this system are, in fact, polarized. First, HaCaT cells grown on laminin-coated Transwell filters have been shown to polarize, as measured by inulin impermeability (57) . In the Campenot system, HaCaT cells are also grown on a laminin substrate. Second, NS-gEnull has a greater defect in epithelial cell-toneurite spread from HaCaT cells grown for 1 week before infection than from cells grown for 1 day, suggesting that the cells undergo changes during this time period. Third, in contrast to HaCaT and HEC-1-A cells, which maintained confluent monolayers susceptible to HSV-1 infection after 1 week in culture, HEp-2 cells grown for 1 week under identical conditions piled up, appeared unhealthy, and were largely refractory to HSV-1 infection (data not shown). Thus, unlike HaCaT cells, HEp-2 cells, which fail to polarize, are unable to maintain an intact monolayer for a sustained period of time. These observations support the conclusion that HaCaT cells are polarized after 1 week in the N chamber.
HSV-1 gE likely mediates cell-to-cell spread by multiple molecular mechanisms. Mutations in either the cytoplasmic tail or ectodomain of gE can produce a small plaque phenotype equivalent to that of gE-deleted viruses (25, 41, 44) . The cytoplasmic tail of gE contains tyrosine-signaling motifs that are required to target virions to cell junctions, the sites of cell-to-cell spread (25, 33, 59) . The gE ectodomain also promotes efficient cell-to-cell spread, possibly by interacting with an unidentified ligand at cell junctions (20, 41) . The relative roles of the gE cytoplasmic tail and ectodomain in epithelial cell-to-neuron spread cannot be determined from the studies reported here, as NS-gEnull lacks both gE domains. Further studies are required to define the domains of gE involved in epithelial cell-to-neuron spread.
